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EXECUTIVE SUMMARY

BACKGROUND

Free-space propagation is often assumed in the design of super-high frequency air-to-ground

c,-..'r,!nication and radar systems with operating ranges within or on the radio horizon. This

report demonstrates the inadequacy of this simplistic approach. Real-world propagation

losses, quantified with the aid of an established propagation model, are presented as a
function of altitude and range.

PURPOSE

A detailed discussion of the Johnson-Gierhart propagation program and its application to the

estimation of propagation loss is presented. Various aircraft altitude and transmission ranges
are compared. Environmental factors considered are climate, terrain roughness, and site-

specified horizon limiting obstacles.

CONCLUSIONS

Free-space modeling of transmission loss of air-to-ground paths provides an adequate

approximation for the combination of sufficiently short paths with sufficiently high altitudes
of the air platform. For paths exceeding 75 nautical miles with air platforms below 20,000

feet, propagation losses in excess of free space cannot be ignored without jeopardizing the

system design. The propagation loss distribution is shown to be log-normal fur most of the

scenarios of interest. Log-normally distributed propagation loss yields probabilities of

detection that can be appreciably less than those predicted for signals with free-space
propagation loss.

I iii



IMPLICATIONS

Statistical/semi-empiricai propagation models, though not rigorously proven, remain useful

tools with which to estimate performance because they are derived from a substantial

database obtained from dedicated experiments over a period of years. The theory of proba-

bility of detection with log-normal statistics is maturing. The application of this theory to the

design of long-range electronic systems should be the topic of a follow-on study.
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SECTION I

INTRODUCTION

Super-high frequency (SHF) (3 to 30 gigahertz (GHz)) air-to-ground and ground-to-air
communication and radar systems are often designed to operate on or within the radio
horizon. By reciprocity, the propagation loss is identical for paths in either direction. For

many of these applications, the performance analysis must include propagation effects in

excess of free space for the worst-case operational climate and terrain roughness. Allowance
should also be made for differing site elevations and other horizon obstacles in delineating

mission-based operational requirements since these factors significantly affect design

characteristics. These operational parameters include altitude and transmission range that

dictate type of aircraft and, ultimately, program practicality and cost. The cases of interest

include typical altitudes of 22,000, 33,000, and 66,000 feet; operating ranges from

75 nautical miles (nmi) to greater than 200 nmi, and frequencies 2 to 18 GHz within the SHF
band, since these parameters encompass mission performance requirements of most long-

range radars, electronic support measures, and standoff support radar jammers.

The inadequacy of free-space propagation loss for medium- and long-distance air-ground
transmission paths has been recognized from the earliest development of radio and radar.

The presence of the Earth and the atmosphere introduce the follow.ng propagation loss (gain)

mechanisms for paths within or on the radio horizon:

1. The Earth's surface reflects or scatters radiation and, in certain regions, produces an

interference pattern.

2. The Earth and path obstructions casts a shadow and gives rise to diffraction

phenomena.

3. The Earth's troposphere (the lower region of the atmosphere characterized by

decreasing temperature with increasing altitude) is inhomogeneous and gives rise to

refraction effects.

1-1



4. The Earth's atmosphere contains water vapor, oxygen vapor, and water droplets that

absorb radiation.

The term "pattern-propagation factor" has been coined to encompass the one-way excess

propagation field intensity over that of free space caused by these factors. The one-way free

space propagation power loss plus the excess propagation power loss for loss-free isotropic

transmitting and receiving antennas is called the "basic transmission loss."

The Longley-Rice [ 1 through 5] and Johnson-Gierhart [6 through 8] progi ams of the Institute

for Telecommunications Sciences model the excess propagation loss by utilizing information

based on a statistical/semi-empirical analysis of various terrain profiles and propagation

measurements, primarily in the United States, in the frequency range of 0.02 to 20 GHz. The

Longley-Rice program is for scenarios in which both the transmitter and receiver are at low

altitudes. The Longley-Rice program is for propagation paths that are above referred to as
"ground-to-ground." The Johnson-Gierhart program, which incorporates the 1977 extensions

[81 into an IF-77 model, is for scenarios in which either the transmitter or receiver or both is

at a high altitude. The Johnson-Gierhart program with the IF-77 model can accommodate

air-lo-air propagation paths and is therefore designated as the ATOA program. Prior to the

1977 extensions, the Johnson-Gierhart program was restricted to air-to-ground propagation

paths [43].

These programs are restricted to frequencies above 20 megahertz (MHz) because "sky" and
"ground" wave propagation paths, which can be dominant propagation paths at frequencies

less than 20 MHz, are not included in these programs. These programs are restricted to

frequencies less than 20 GHz because their predictions of absorption loss are not accurate

near dipole moment resonances of the water and oxygen molecules in the troposphere.

These models are particularly useful in predicting propagation losscs over irregular terrain

for which knife-edge diffraction losses are significant. These programs use an emph-ical

database to statistically weigh knife-edge diffraction losses with losses from multipath inter-

ference, smooth-spherical earth diffraction, and troposcatter modes of propagation.

1-2
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I Propagation paths over irregular teTain are commonly encountered in ground-to-ground, air-
to-ground, and air-to-air tactical scenarios. In tactical scenarios, propagation paths of interest
are usually for specified classes of paths and climates with location and time variabilities,
rather than for a specific deterministic path. For example, one class of paths might be charac-
terized as having rolling plains, average ground permittivity, random siting, and temperate

climate. The propagation path loss for such environments are best characterized by statistical
quantities which are semi-empirically determined. For this reason, the Longley-Rice and
Johnson-Gierhart programs are well-suited for military tactical scenarios. Other statistical
propagation programs such as EPM-73 [9] and TIREM [10] of the Department of Defense3 Electromagnetic Compatibility Analysis Center may be less complex. However, the
modeling or validation of those programs usually relies on the empirical database of the3 Longley-Rice program.

For paths in which die terrain profile is specified, deterministic propagation programs may

also be used. For example, MIT Lincoln Laboratory has recently developed deterministic
propagation programns such as SEKE and performed measurements to validate these pro-

. grams [ 11 through 14].

3 The theory, computer programs, and user's guides for the Longley-Rice and Johnson-
Gierhart prediction models are given in references I through 8. The selection, utility, and
comparison of these models, as well as their input parameter specification, are described in

references 15 and 16. Extensive numerical results for various scenarios and ranges of input

parameters, primarily for low altitude cases at Very High Frequency (VHF), are given in

references 15 through 17.

31 The present paper presents extensive numerical results of basic transmission loss predicted by
the Johnson-Gierhart program at frequencies of 2 to 15 GHz. The cases are for an airborne3 antenna at altitudes of 22,000 to 66,000 ft, a ground-based antenna at altitudes of 10 ft and
20 ft, and paths over irregular terrain with ranges extending to the smooth Earth radio

-- horizon.
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The Johnson-Gierhart prediction program differs from the Longley-Rice program principally

in the following ways:

1. Only single-horizon diffraction (at the low-altitude site) rather than double-horizon I
diffraction is considered.

2. A standard exponential atmosphere rather than a uniform gradient atmosphere is

assumed (the index of refraction decreases exponentially rather than linearly with 5
increasing height).

3. An option exists for specifying whether the vertical lobing pattern fiora surface

reflection multipath "determines the median level" (at a specific location of the

lobing pattcern) or "contributes to variability" (averaged over the lobing pattern) of

the basic transmission loss.

4. An additional option exists for specifying whether terrain roughness and
atmospheric inhomogeneities contribute to "instantaneous levels exceeded" or 3
"hourly-median levels" of the basic transmission loss.

The excess propagation (loss or gain) at 2 to 15 GHz is more severe than at VHF frequencies I
for scenarios that are otherwise the same because: 3

1. Knife-edge diffraction by irregular terrain and obstacles is less effective at shorter

wavelengths in transmitting energy into the optical shadow zone of the obstacles.

2. Multipath interference over smooth Earth has a lobing pattern with more frequent 3
lobes.

3. Absorption loss by oxygen and water vapor is not negligible (0.019 decibels per

kilometer (dB/km) at 10 GHz) for long ranges at 2 to 15 GHz 3

1
1-4 I
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4. Vegetative and urban area propagation loss is much more severe at shorter

wavelengths.

1 5. Absorption by precipitation is more pronounced at the higher frequencies.

I Section 2 discusses the characteristics of basic transmission loss in the SHF frequency band

including such topics as time variability, location va-iability, and the increase in excess

5 propagation loss with increasing range even for ranges as close as halfway to the radio

horizon. Section 3 presents numerical results for various climates and various terrain-limited

3 and obstacle-limited horizons. The applicability of basic transmission loss in determining

probability of detection is discussed in section 4. The conclusions are given in szntiowi 5.

3

I

I

I
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I
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* SECTION 2

BASIC TRANSMISSION LOSSI
Excess propagation loss is equal to the difference between the quantities "basic transmission3 loss" and "free-space propagation loss." Free-space propagation loss is a deterministic
quantity and is given by equation 2.3. Basic transmission loss is a stochastic quantity that is
discussed in the remainder of this section under the following topics: definition. modes of

propagation, suitability of the Johnson-Gierhart program, statistical characterization, long-
term location variability database, long-term time variability database, antenna characteri-
zation, time availability options, surface reflection lobing options, atmospheric absorption,
and examples o0 numerical results.I
2.1 DEFINITION

Basic transmission loss Lb(d) is a system margin parameter that is a stochastic function of

the propagation range of great circle distance d between the transmitting and receiv ng

antenn.... More specifically, "the basic transmission loss (sometimes called path loss) of a
radio circuit is the transmission loss expected between ideal, loss-free, isotropic, transmitting
and receiving antennas at the same locations as the actual transmitting and receiving
antennas" [18].

I
I
I
I
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The basic transmission loss Lb(d) (in decibels) may be expressed as 3
Lb(d) = Lb(d) + U(d)+ V(d) (2.1)

where

L•(d) = Local path propagation loss for a path with no buildings or significant vege-

tation in uie immediate vicinity of the antennas (in dB)

U(d) = Urban area propagation loss term resulting from buildings in the immediate

vicinity of the antennas (in dB)

V(d) = Vegetative propagation loss term resulting from significant vegetation in the
immediate vicinity of the antennas (in dB) U

The local path propagation loss Lbo(d) in equation 2.1 may be expressed as

Lb,(d) = Lk,(d) + A(d) (22)

where.

Lf(d) = Free-space propagation loss (dB). I

= l( lI g : - 2 = glOl ( 4°( - ) 2

= 32.447 + 201og1 o fn, + 20logo d• (2.3) 3

I
I
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!
= Great circle distance between transmitter and receiver antennas (km).

3 = RF carrier wavelength (in the same units as d).

3 Wit = RF carrier frequency (MHz).

c = Free space velocity of propagation = 0.29979 kilometers per microsecond

(km/v.s).

3 A(d) = Excess propagation loss over that of free space for a path with no buildings
or significant vegetation in the immediate vicinity of the antennas (in dB).3 This term is usually modeled by semi-empirical methods.

The Johnson-Gierhart prediction program is concerned with estimating the excess propa-
-- gation loss A(d) defined by equation 2.2. The urban loss U(d) and vegetative loss V(d)

terms in equation 2.1 are not predicted by this program. These terms are usually much largerI than A(d) for frequencies within the SHF band and for ranges within the smooth earth radio
horizon. The propagation paths in the present paper are assumed to be Cievoid of appreciable
vegetation or urban area clutter.

The excess propagation loss A(d) is a stochastic quantity because the scenarios of interest are
generally not for deterministic propagation paths, but for specified classes of propagation
paths with location and time variabilities. For example, the high altitude platform may be an
aircraft whose oval racetrack flight pattern has its long legs normal to the direct-ray propa-
gation path. The terrain profile underneath the direct-ray propagation path is constantly
changing, thus introducing short-term location variability into the propagation path. The
tropospheric index-of-refraction profile along the direct-ray propagation path is constantly
changing, thus introducing short-term time variability, However, even if the platform were
not moving, long-term location and time variabilities would be introduced into the propa-
gation loss predictions because the terrain profile for a given interdecile roughness varies

from site-to-site, and the tropospheric surface refractivity for a given climate varies from

2-3
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hour-to-hour and season-to-season. Short-term location and time variabilities are included ;n 3
the Johnson-Gierhart program by specifying the time availability option "instantaneous levels

exceeded." Only the long-term location and time variabilities are included when specifying 3
the time availability option "hourly median levels exceeded." Long-term location variability

is determined by specifying the interdecile terrain roughness Ah. For Ah = 0, the long-term

location variability is zero. Longg-term time availability is determined by specifying one of

eight different climates.

2.2 MODES OF PROPAGATION I
Radio waves originating from the Earth generally may be propagated in three regions:

(1) through or along the surface of the Earth (ground wdve), (2) through the lower

atmosphere of the Earth beneath the ionosphere (tropospheric propagation), or (3) by

reflecion or scatter in the upper atmosphere from natural reflectors such as the ionosphere or

from artificial reflectors such as satellites (sky wave). At frequencies greater than 20 MHz,
ground wave propagation losses (except for very short paths within the radio horizon and

along the Earth's surface) and sky wave propagation losses (except for very long propagation 3
paths beyond the radio horizon) are usually very much larger than tropospheric propagation
losses. The dominant region of propagation is the one with the least propagation loss. The 3
Johnson-Gierhart program considers only tropospheric propagation paths.

For tropospheric propagation over irregular terrain, the possible modes of propagation (see I
figure 2-1) may be categorized as follows:

1. Multipath interference (including atmospheric absorption and refraction)
2. Multipath-diffraction transition 3
3. Diffraction (smooth spherical earth and knife-edge)

4. Diffraction-tropospheric scatter transition 3
5. Tropospheric scatter

2
I
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These propagation modes are for an earth of effective radius a., = Ka.,h where a.,h is the 3
physical radius of the earth and K is a scale factor allowing for refraction by the troposphere.

When the effective earth's radius is utilized, the line-of-sight to the horizon is defined as the

"radio line-of-sight." The radio line-of-sight path is electrically longer than the optical linc-

of-sight because at radio frequencies the scale factor K is generally greater than unity.

Mode 1 is the dominant mode of propagation for radio line-of-sight paths which clear the

radio horizon by greater than approximately one-quarter of a Fresnel number, where the

Frcsnel number is the number of half-wavelengths of the path difference between the direct

ray and the indirect ray specularly reflected from the ground [19]. Mode 2 occurs for radio

line-of-sight propagation paths within one-quarter of a Fresnel number of the radio horizon.

Mode 3 occurs for propagation paths beyond the radio horizon but more than one-quarter of a

Fresnel number, but less than that for which tropospheric scatter starts to become significant.

Mode 4 is a transition mode between diffraction and troposcatter modes. Mode 5 occurs for

propagation paths sufficiently beyond the radio horizon where tropospheric scatter losses are I
less than diffraction losses. Except for mode I lobing, the excess propagation loss A(d)

generally increases with decreasing height h2 as the dominant mode of propagation

progresses from I to 5. The direct-path, free-space propagation loss Lbf, given by equation

2.3, is plotted in figure 2-2 as a function of range and frequency. 3
Numerical results from the Johnson-Gierhart program of the basic transmission loss Lb,(d) I
and the corresponding excess propagation loss A(d) are summarized in tables 2-1 and 2-2,

respectively for typical scenarios of interest. All of the propagation paths on smooth earth

with no obstructing obstacle are well within the smooth earth radio horizon with a Fresnel

zone clearance of more than one-quarter of a Fresnel number. Therefore, for unobstructed

radio lines-of-sight, modes 1 and 2 are the dominant modes of tropospheric propagation.

However, on irregular terrain or with nearby man-made obstacles, the radio line-of-sight will

often be obstructed. Therefore, mode 3 may become dominant. Modes 4 and 5 are not 3
dominant modes of propagation because the desired maximum operational range is too short

in these scenarios. Generally speazing, in the case of unobstructed radio line-of-sight over 3
smooth terrain, the principal mode of propagation is smoo .h-spherical earth diffraction

U
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coupled with muitipath interference between the dircct and indirect signals reflected by the 3
terrain to the receiver. In the case of an obstructed radio line-of-sight over irregular terrain,

the principal mode of propagation is multipath interference and smooth-spherical earth

diffraction coupled with knife-edge diffraction by the obstructing terrain.

In the multipath interference mode 1, the excess propagation loss of the nulls and peaks of I
the vertical lobing pattern increase with increasing range. The reason is that the Fresnel

reflection coefficient R, approaches -1 and the surface roughness reflection coefficient P. 3
approaches unity as the grazing angle approaches zero. (The amplitude of the specularly-

reflected ray normalized to that of the incident ray is proportional to R~p, [20].) The 3
reflection coefficient P. is given by equation 3.1 of section 3.

In the diffraction mode 3, the path loss increases exponentially witli :r.,7rasing distance of

the transmitter or receiver into the shadow region of the obstruc r, t'-i-ain or obstacle. For a

given distance into the shadow region, the sharpness of the obstrnc'ivv tunrain appreciably

alters the path loss in a diffraction mode. Therefore, for a diffraction mode of propagation,

slope and height distribution of the obstructing terrain affect the path loss. -

In the Johnson-Gierhart program, the interdecile terrain roughness Ah affects the diffraction 3
mode of propagation by altering the distance from the low-altitude antenna to its radio

horizon. The program, computes an effective obstacle height and effective obstacle distance

to the low-altitude antenna facility as functions of the interdecile terrain roughness Ah, the

atmosphere's surface refractivity Ns, and the height of the low-altitude antenna h,. The

excess propagation loss is increased in mode 3 and decreased in mode 1 with increasing
values of Ah. A specific obstacle may also be introduced into the propagation path by

specifying the obstacle height and distance from the low-altitude antenna facility. 3
I
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For the scenarios of table 1, the Johnson-Gierhart statistical/semi-empirical program is

particularly useful in modeling propagation loss over irregular terrain in the transition mode 23 of figure 2-1. The propagation loss for mode 2 is found from empirical data and from

extrapolations between theoretical models for multipath interference and smooth-spherical

earth diffraction.

2.3 SUITABILITY OF THE JOHNSON-GIERHART PROGRAMI
The Johnson-Gierhart program is suitable to "high altitude" scenarios in which (1) the lower

I antenna is at a height above local ground greater than 0.5 m, (2) the higher antenna is at a

sufficient height above local ground that the elevation angle at the lower antenna of the

terrain-limited radio horizon is less than the elevation angle of the higher antenna, and (3) the

terrain-limited radio horizon for the higher antenna is taken either as a common horizon with

the lower antenna or as a smooth Earth horizon with the same elevation as the lower antenna

effective reflecting plane. These altitude restrictions and the use of these programs are based

on the following considerations.I
I Whereas two-ray multipath interference models are adequate for path clearances

I greater than 1/4 of a Fresnel number and whereas smooth earth spherical diffraction

models are adequate for transhorizon paths well beyond the radio norizon, an

extrapolation between these models, even for a smooth earth, is presently required

for modeling of propagation paths near the radio horizon [19]. Reference 19 gives a

deterministic computer program for such an extrapolation at low altitudes.1 However, for path loss averaged over random paths above irregular terrain, a semi-

empirical, stochastic extrapolation is required. The empirical weighting accounts

3 for knife-edge diffraction effects over a rough earth. The Johnson-Gierhart semi-

empirical prediction program does such an extrapolation and allows for single hori-

zon diffraction for both random terrain profiles and a specified obstacle.

I
I
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2. Probabilistic predictions of path loss are possible because the database includes

many samples for various locations, time of year, and experimental situations.

Some of the database for the Johnson-Gierhart program is from 200 single horizon

diffraction paths contained in the data of Longley, et al. [211. Much of the database

is from dedicated aircraft flights [22].

3. Th1 Johnson-Gierhart prediction program is restricted to single-horizon diffraction 3
which allows for ray tracing in standard atmospheres from the horizon back to the

antenna site. Therefore, the Johnson-Gierhart program is applicable to paths at high

elevations and steep elevation angles, but it is not applicable at low elevations

where double-horizon diffraction may be significant.

4. The lower antenna is restricted to altitudes greater than 0.5 m because the ground

wave is negligible at those altitudes for frequencies greater than 20 MHz.

In summary, the program is intended for use within the following ranges:

Parameter Range 3
Frequency 100 to 20,000 MHz

Lower antenna height > 0.5 m I
Higher antenna height a radio horizon height

of lower antenna I
Surface refractivity 200 to 400 N units

Elevation angle, of the irregular terrain 1 to 12 degrees
radio horizon ray above the horizontal,
at the lower antenna only

Distance, from the lower antenna to its 0.1 to 3.0
terrain horizon, normalized to the
corresponding smooth earth distance

2
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The input parameter specifications for the program are given in references 7, 8, and 15
(table 8). In those references, an asterisk denotes the suggested numerical value for a
parameter if the user does not specify a particular value. Unlike the Longley-Rice program,

the asterisk values are not program-automatic default values, but must be specified by the
programmer. The elevation angle of the horizon at te facility (lower antenna) and the

distance from the lower antenna to its radio horizon are not program-input parameters, but
are calculated internally by the program.

This program restricts the lower antenna site to locations for which the ratio of the distance to3 the terrain-limited (or obstacle-limited) radio horizon to that for a smooth-spherical earth is
greater than 0.1 and less than 3.0. For example, this program would not be applicable to a
scenario in which the ground site is at the bottom of a steeply rising hill (normalized distance

-< 0.1) or at the top of a mountain overlooking a valley (normalized distance > 3.0), because
neither the empirical database nor the input parameters properly account for these severe

geometries.

2.4 STATISTICAL CHARACTERIZATION

Consider now the basic transmission loss random variable Lb(d) at a great circle distance d.

The numeric value of the random variable Lb(d) expressed in decibels is defined as the

variate of Lb(d) and is designated as "variate Lb." The cumulative distribution function,

q = prob [Lb < variate Lb ], is tabulated in table 2-3 and plotted in figure 2-3 on normal
probability paper for cases of tables 2-1 and 2-2 with the surface reflection lobing option

"determines median level." In cases (a), (c), and (f), the cumulative distribution function q
(which is the confidence level that the variate Lb is not exceeded) is well fitted by a straight

_ line for confidence levels between 5 and 95 percent. The basic transmission loss Lb in

decibels is thus approximately normally distributed for those cases. The basic transmission

loss lb expressed as a numeric is, therefore, approximately log-normally distributed. In

2
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cases (b) and (d), the basic transmission loss Lb(d) is two-piecewise normally distributed

with a breakpoint at q = 30 percent. In case (e), the horizontal straight line slope indicates

that the basic transmission loss Lb(d) is approximately equal to the free-space transmission I
loss Lbf(d).

The variate Lb(d) corresponding to a specified value q of the cumulative distribution U
function (confidence level in percent) is defined as the qth quantile of Lb(d) and is

designated as L,(dq). Computer printouts of the basic transmission loss quantiles of table

2-3 are given in appendix C, run numbers 1 through 3. For a normal distribution of Lb(d), 3
the e.,pected value (Lb(d)) and standard deviation OLh(d) are given by I

< Lb,(d) >= Lb (d, 50) (2.4)

GL,(d) = Lb(d,84.1)- Lb(d,50) = Lb(d,50)- Lb(d,15.9) (2.5)

For a basic transmission loss random variable Lb(d) in decibels that is two-piecewise 3
normally distributed with a breakpoint at the median value Lb(d,50 percent), the expected

value (Lb(d)) and standard deviation ;L. are given in references 15 and 16. 3
Location, time, and situation (model) uncertainties contribute to path loss variability in the

Johnson-Gierhart program. The confidence level q, in which marginal probabilities of time,
location, and situation are combined, is the only statistical service available in the Johnson- 3
Gierhart program.

I
I
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2.5 LONG-TERM LOCATION VARIABILITY DATABASE

Both the Longley-Rice and Johnson-Gierhart programs use information based on the same
i statistical/empirical study of various terrain profiles, primarily in the United States [23, 24].

In that study, each terrain profile is characterized by its interdecile height Ah. The inter-

decile height is the difference in heights corresponding to the 90 and 10 percent quantiles of
the height deviation from the mean surface level. In the multipath mode of propa,~ation, the

interdecile height Ah is used to determine the surface roughness reflection coefficient p,
[23, 34]. In the diffraction mode of propagation, the interdecile height Ah (as weU as the

surface refractivity N, and height h, of the lower antenna) is used to compute an effective

knife-edge obstacle height and distance from the lower antenna facility.

I 2.6 LONG-TERM TIME VARIABILITY DATABASE

The distance from the higher antenna to the smooth-earth radio horizon increases monatomi-
cally with increasing index of refraction n, of the troposphere at the Earth's surface. The

surface refractivity N, (in N-units) is defined as [25]

N. = (n, - 1) X 106 (N-units) (2.6)

The Earth's effective radius aft, normalized to the earth's mean physical radius

= 6370 kmn, is related to N, by [25]

K = a,, = [I- 0.04665 exp (0.005577N,)]' (2.7)2.I
Equation 2.6 is an empirical formula that is valid for tropospheric paths near the Earth's3 surface where the conditions of a constant refractive index gradient and rectilinear

propagation are approximately satisfied. The distances dI and d2 to the j adio horizon from
the ground and aircraft antennas, respectively, are given by

,
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I
d 1.2 =(2 K aeart hl1.2)1/2 (2.8)I

where hl.2 are the antenna heights of the ground and aircraft antenna heights above the mean

surface level. The annual mean value N, and its corresponding K factor are given in
table 2-4 for ten different climates. The radio line-of-sight is greater than the optical line-of-

sight because K is greater than 1. Ct'mates 1 through 9 correspond to CCIR climates [26, I
27], while climate 0 is a nominal continental all-year climate described in reference 6. The
climate also determines the long-term time variabi.., y because the annual variation AN, of

the monthly mean is a function of the climate (see table 2-4). Desert climate is the most

unfavorable climate for tropospheric propagation because it has the least value of N, and has

one of the largest values of AN,. Conversely, equatorial climate is one of the best climates

for minimizing tropospheric propagation loss because it has one of the largest values of N.

and the smallest value of AN.. More detailed climate characteristics are given in reference

27. Statistical/empirical formulas for long-term time variability of basic transmisiion loss in
the Longley-Rice and Johnson-Gierhart programs are given in reference 28. Long-term time
availability may also be introduced into the Johnson-Gierhart program by specifying the

season of the year and hourly block of the day instead of climate [27].

2.7 ANTENNA CHARACTERIZATION I

The basic transmission loss defined in equation 2.1 is for loss-free isotropic transmitting and
receiving antennas, Antenna ohmic losses are accounted for in the signal/noise equation by
including the radiation efficiency of the transmitting antenna in its power gain and the radia-
ton efficiency of the receiving antenna in the system operating noise factor [29, 30]
rather than including the antenna ohmic losses in the excess propagation loss. Antennas with

non-isotropic gain patterns may be treated as isotropic antennas in computing excess propa-
gation loss provided that the directive gains of the antennas in the direction of the direct
ray path is approximately the same as in the direction of the specularly-reflected ground I
multipath.

I
I
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I Table 2-4. Surface Refractivity for Various Climates

Climate Surface Refriactivity, N,
No. Designation Annual Mean, N Annual Variation AN. of

ftrMonthly Mean
(N-units) (K factor) (N-units)

I 0 Continentl 301 1.33
All-Year

1 Equatorial 1 360 1.53 0 to 30

2 Continental 1 320 1.38 60 to 100
I Subtropical I

3 Maritime 370 1.58 30 to 60
Subtropical

4 Desert 280 1.29 20 to 80

1 5* Mediterranean 320 1.38 10 to 30

6 Continental
Temperate 320 1.38 20 to 40

7 Maritime
Temperate
Overland 320 1.38 20 to 30

8 Maritime
Temperate
Oversea 320 1.38 20 to 30

9* Polar 300 1.33 10 to 40

* Not used in the Johnson-Gierhart program.

II
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For the scenarios of table 2-1, the grazing angle of the specularly-reflected multipath ray is

less than two degrees. Therefore, for antennas with a 3-drb beamwidth greater than

approximately two degrees, the basic transmission loss is generally suitable for estimating

excess propagation loss except for multipath interference over smooth Earth. For such a

case, the depth of the nulls is sensitive to the respective antenna gains in the directions of the

direct and multipath rays. Non-isotropic gain patterns are accounted for in the signal/noise

equation by restricting the parameters of transmitting antenna power gain and receiving

antenna directive gain to be those in the direction of the direct ray path rather than in the

directions of peak gains of the antennas [29, 301.

2.8 TIME AVAILABILITY OPTIONS U
The user of the Johnson-Gierhart program must specify one of two time availability options, I
namely, "for instantancous levels exceeded" or "for hourly median levels exceeded." As

previously explained, the option "for instantaneous levels exceeded" includes both short-term I
and long-term variabilities of location and time, while the option "for hourly median levels
exceeded" includes only long-term location and time variabilities in determining the quantiles
of basic transmission loss. The short-term variabilities account for rapid signal fading that

occurs when the terrain profile underneath the propagation path is constantly changing

(because of a mobile transmitter or receiver) or the tropospheric index-of-refraction profile

along the direct-ray propagation path is constantly changing. The 50 percent quantiles of

basic transmission loss are identical for both time availability options. The time availability

option affects how one specifies the system margin in the signal-to-noise equation. The

system margin M(d.r,) in decibels is defined in equation 4.1 of section 4.

When the basic transmission loss Lb(d) is used to determine either the signal S(d) or the I
noise N and the option "instantaneous levels exceeded" -As chosen, then rapid fading of the

system margin is included in S(d) or N and should not be included in the zero decibel margin 3
signal-to-noise ratio R(i1 ) of equation 4.1. However, if the option "for hourly median levels

exceeded" is selected, then rapid fading of the system margin should be included in the

I
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I quantity R(ri). In the present paper, numerical values of L,(d) ame presented only for the

option "instantaneous levels exceeded." When using these values to determine the system

i margin M(dr,), one should use values of R(r,) that do not include rapid fading.

j 2.9 SURFACE REFLECTION LOBING OPTIONS

The user of the Johnson-Gierhart program must also spe.cify one of two surface reflection
lobing options: "contributes to variability" or "determines median level." In the option
"contributes to variability," ali of the quantiles of Lb(d) are redistributed so that the variance

I. is increased to account for the gain variation on the lobing pattern. That option does not

show the lobing pattern as a function of distance d and apparently does not decrease the

fl quantiles by the expected value of the lobing gain pattern averaged over the entire pattern.

Quantiles of Lb(d) for the lobing option "contributes to variability" at a given distance d for

I the cases of table 2-1 are tabulated in table 2-5 and plotted on normal probability paper in

figure 2-4. Computer printouts of the basA: transmission loss quantiles of table 2-5 are given

in appendix C, run numbers 4 through 6. The quartiles of L,(d) in decibels are normally

distributed for all of the cases.

I In the lobing option "determines median level" all oi the quantiles of basic transmrission loss

Lb(d) are redistributed so tfhz." the 50 perment quantile includes the value of the lobing pattern

I at the specified- distance d. The expect;-d value of the lobing gain pattern averaged over tLhe

enu: ~pattern, is gencrally greater than 0 dB, because its peaks are broader than its nulls.

I Hence, the expected value of the lobing patt.ni loss in decibels is a negative quantity. Fox

perfect surface reflection, the lobing pattern gain has a peak of 6 dUP, a null of -o decibels,

I anid an expected value of 3 dfh. The expected value of the lobing pattern gain decreases with

decreasing modulus of the surface reflection coefficient. The plotting routine for the option

"determines median levt;" prints out the lobing pattt n as a function of distance d for ,he first

ten lobes nearest the iorizon. The quartiles of L,(o) (in decibcls) for the lobing option

"dete.mire.s median level" at a given distance d are nonmally distributed and two-piecewise

normally distributed for the cases uf vuih 2-I tsze table 2-3 and figure 2-3).
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The expected values of the basic transmission loss Lb(d) in table 2-3 are less than those in

table 2-5 by the amounts 0, 1.6, 0, 5.6, 0, and 0 decibels for the corresponding cases (a), ,'b),

(c), (d), (e), and (f), respectively. The standard deviations of the basic transmission loss 3
Lb,(d) in table 2-5 are greater than those in table 2-3 by the amounts 0, 1.2, 0, 1.7, 0, and 0

decibels for the corresponding cases (a), (b), (c), (d), (e) and (f), respectively. 5
2.10 ATMOSPHERIC ABSORPTION I

Oxygen arid water vapor may absorb energy from a radio wave because the oxygen molecule

has a permanent magnetic dipole moment with resonant peaks at 53 to 66 GHz and the waer 5
molecule has a permanent electric dipole moment with a resonant peak at 22.23 GHz [1]

(see figure 2-5). For example, the atmospheric L -;e absorpto n coefficients for oxygen 1
and water vapor are 0.0 15 dB/km and 0.004 dB/km, respectively, at 10 GHz. The

corresponding transmission loss for a great-circle distance d = 100 nmi is 3.5 dB

(= 100 nmi x 1.852 nmi/kn x 0.019 dB/kin). Therefore, the high altitude, air-tw-ground

slant paths of table I will have a trwsmission loss from atmospheric absorption alone of

approximately 2 to 3 dB at distances less than one-half the distance to :he radio horizon

td = 75 nmi) and 5 to 6 dB at distances near the radio horizon (d = 200 nmi), all.owing for

less absorption loss at the higher altitudes.

The attenuation of radio waves by precipitation (suspended water droplets and rain) oftern

exceeds that from the combined oxygen 3nd watei vapor absorption [41]. The attenuation

coefficient due to precipitation is a function 3f its intensity (see figure 2-6). For example, die

rain attenua:.ron coefficient at 10 GHz. is 0.022 dB/km for a precipitation intensity of

2 .n.'limeters per hour. Such a precipitation occurs in England approximately 50 times per

year with a duration of 15 minutes to 2 hcurs.

I
I
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The Johnson-Gierhart program yields accurate predictions of atmospheric absorption for
frequencies below 20 GHz and less accurate predictions above 20 GHz near resonant
absorption peaks. Either the rain storm size or rain zone may be specified as an input

parameter to the Johnson-Gierhart program. All of the numerical results of the present paper
do not include precipitation.

2.11 EXAMPLES OF NUMERICAL RESULTS

The great-circle distance d for the air-to-ground paths of table 2-1 are well within the smooth
spherical Earth radio horizon. The distance d for cases (a) through (f) are approximately 0.4,
0.7, 0.6, 0.9, 0.4, and 0.6 respectively, of the smooth earth radio horizon distances from the
aircraft. The grazing angles of the indirect ray specularly reflected from a smooth spherical

earth are 27 to 87 milliradians (0.50 to 1.50). The corresponding path length differences of

the specular and direct rays, expressed in half-wavelengths (sometimes referred to as the
effective aperture Fresnel number) are 22 to 71. The principal mode of propagation for the
smooth spherical Earth cases of table 2-1 is multipath interference including atmospheric
absorption and refraction (mode 1 of figure 2-1) since the Fresnel number is greater than

0.25.

For the smooth spherical Earth (A h = 0) cases of tables 2-1 and 2-2, the excess propagation

loss has expected values (A(d)) = -0.2 to 3.7 dB, standard deviations OA(d) = GLb = 4.3 to

6.8 dB, ten percent quantiles A(d,10) = -'i.Q dB to -2.8 dB, and ninety percent quantiles
A(d,90) = 3.1 to 8.7 dB. The smooth Earth case for the smallest specular ray grazing angle

(case d) has the smallest expected value. of excess propagation loss (-0.2 dB), the largest
standard deviation (6.8 dB), and the greatest difference between the 90 percent and
10 percent quantiles (17.1 dB). The reason for these results is that the lobing pattern is more
pronounced (the Fresnel reflection coefficient Ro approaches -1) for small grazing angles.
The smooth Earth case for the largest specular ray grazing angle (case e) has an excess
propagation loss with an expected value 2 dB greater than that of case d, a standard deviation
2.5 dB less than that of case d, and a difference between the 90 percent and 10 percent

quantiles that is 6.1 dB less than for case d. The 90 percent quantiles of excess propagation
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loss for cases d and e are not appreciably different (9.2 dB for case d vs. 7.9 dB for case e).

The above results, for air-to-ground propagation paths well within the radio horizon and

over a smooth spherical Earth, indicate that the excess propagation loss is not necessarily

larger for paths with smaller specular ray grazing angles. For paths with the smaller specular

ray grazing angles, the excess propagation loss has smaller 10 percent quantile values,

smaller expected values and slightly larger 90 percent quantile values. Air-to-ground paths

with smaller grazing angles correspond to air platforms at longer ranges and lower altitudes.

The above conclusion, for air-to-ground paths well within the radio horizon and over a

smooth spherical Earth is dramatically altered for the same propagation paths over rough I
Earth or Earth with obstacles. For rough Earth or Earth with obstacles, single knife-edge

diffraction becomes the dominant mode of propagation at small grazing angles.

For the slightly rough Earth cases (A h = 50 ft) of tables 2-1 and 2-2, the excess propagation

loss A(d) has expected values (A(d)) = 0.9 to 5.3 dB, standard deviations aA(d) = 0.1 to a
6.8 dB, ten percent quantiles A(d,10) = 0.9 to 5.3 dB, and ninety percent quantiles

A(d,90) = 1.1 to 14.7 dB. The case for the smallest specular ray grazing angle (case d) has

the largest expected value of excess propagation loss (5.3 dB), the largest standard deviation

(6.8 dB), and the largcst difference between the 90 percent and 10 percent quantiles 3
(17.1 dB). The case for the largess p.pecular ray grazing angle (case e) has an excess

propagation loss w ith an expected value 4.4 dB less than that of case d, a standard deviation I
6.7 dB less than that of case d, and a difference between the 90 percent and 10 percent

quantiles that is 16.7 dB less than for case d. Case e has the least variability in its

propagation loss for paths over slightly rough Earth as is clearly illustrated by the nearly

horizontal slope of its cumulative distribution function in figures 2-3 and 2-4. (A

deterministic propagation loss, such as that of free space, would have a perfectly horizontal
slope for all cumulative probability quantiles q, 0•_ q _< 1.) The 90 percent quantiles of

excess propagation loss for cases d and e are 14.7 dB and 1.1 dB, respectively. The above 3

I
2-28 I

I



results. or paths well within the radio horizon but over slightly rough Earth, indicate that

the excess propagation loss is generally larger for paths with smaller specular ray grazing
angles. For paths with the smaller grazing angles, the excess propagation loss has smaller 10

percent quantile values but larger expected values and larger 90 percent quantile values.

The excess propagation loss for paths well within the radio horizon and over slightly rough

Earth becomes even more pronounced at the smaller grazing angles if an obstacle occurs near

the ground antenna. For the specified obstacle cases (50-ft-tall obstacle at a distance of 0.6

nmi from the ground antenna on slightly rough Earth) of tables 2-1 and 2-2, the excess

propagation loss A(d) has expected values (A(d)) = 0.9 to 21.9 dB, standard deviations

CA(d) = 0.1 to 8.0 dB, 10 percent quantiles A(d.10) = -7.9 dB to 0.7 dB, and 90 percent

quantiles A(d,90) = 1.1 to 32.0 dB. The case for the smallest specular ray grazing angle (case

d) has an excess propagation loss with the largest expected value (21.9 dB), the smallest

standard deviation (0 dB), and the largest difference between the 90 percent and 10 percent

quantiles (32 dB). The case for the largest specular ray grazing angle (case e) has an excess

propagation loss with an expected value 21.0 dB less than that of case d, a standard deviation

7.9 dB less than that of case d, and a difference between the 90 percent and 10 percent

quantiles that is 31.6 dB less than for case d. The 90 percent quantiles of excess propagation

loss for cases d and e are 32.0 dB and 1.1 dB, respectively. The above results, for paths well
within the radio horizon but with an obstacle on slightly rough Earth indicate that the

excess propagation loss is much larger for paths with smaller specular ray grazing angles.
For paths with the smaller grazing angles (cases b and d vs. cases a and e), the excess

propagation loss has approximately the same 10 percent quantile values but much larger
expected values and much larger 90 percent quantile values.

These examples of numerical results illustrate that the basic trarsmission loss for SHF

air-to-ground propagation paths well within the (smooth Earth) radio horizon can be

significantly larger than free-space loss. The loss increases with decreasing grazing angle
provided that the Earth is at least slightly rough (such as slightly rolling plains) or has

obstacles on its surface near the ground antenna.

2-29



SEC"TION 3

NUMERICAL RESULTSIs

The examples of numerical results in the previous section are restricted to a desert climate for

propagation paths over smooth Earth, slightly rough (A h z- 50 ft) Earth, and slightly rough

Earth with a 50-ft-tall obstacle at a distance of 0.6 nmi from the ground an:er,,ia. Extensive
numerical results for other climates and obstructed paths ar' presented in sections 3.1 aad

3.2, respectively.

3.1 CLIMATE RUNS

Basic, transniission loss is a function of the index of refraction of the troposphere at the
Earth's surface. The troposphere's surface refractivity Ns is a function of climate (see

table 2-4 of section 2.6). In section 2.6, it was pointed out that desert climate is the most
unfavorable climate for tropospheric propagation because the surface refractiviiy for desert

climate has the least annual mean and one of the largest annual variations. Conversely,

equatorial climate is one of the best climates for minimizing tropospheric propagation loss
because the surface refractivity for equatorial climate has one of the largest annual means and
the smallest annual variation. Quantitative results of the effect of climate on basic

transmission loss are presented in this subsection. The computer printouts of basic

transmission loss for all of the climate runs are presented in appendix D of volume 2. The
climate runs are for a smooth spherical Earth (Ah = ,) and for a slightly rough Earth (Ah =

50 ft) with no additional obstruction.

All of the climate runs were performed for poor ground, circular pol!"rization, and isotropic

antennas at a frequency of 10 GHz with an aircraft antenna at height h2 = 33,000 ft and a

ground antenna at height hI = 10 ft. It should be noted that the ground antenna height is one-

half that for the numerical examples of section 2. Therefore, knife-edge diffraction and

smooth spherical Earth diffraction should be more pronounced for the climate runs of this

subsection than for the numerical examples of section 2. The distance of the aircraft radio

horizon varies from 220 nmi for a desert climate to 243 nmi for maritime subtropical climate.
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The climate runs for a "mooth spherical Earth (terrain Ah = 0) with surface reflection lobing
options "determines median level" and "contributes to variability" are summarized in tables

3-1 and 3-2, respectively, at great  _ •distances d = 100 nmi, 150 nmi, 200 nmi, and

225 nmi. The principal mode of popagation is multipath interference at d = 100 nmi,

smooth spherical Earth diffraction at d = 225 nmi, and multipath-diffraction transition at the I
intermediate distances d = 150 nmi and 200 nmi. The expected value, 90 percent quantile,

and standard deviation of basic transmission loss are approximately independent of climate I
for d = 100 nmi (see tables 3-1 and 3-2). However, the basic transmission loss dependence
upon climate becomes more pronounced for increasing value of d. For d = 225 nmi and

"lobing determines median level," the expected value, 90 percent quantile, and standard
deviation are approximately 38 dB, 41 dB, and 3 dB more, respectively, for desert (the least
favorable) cihiiate than for equatorial (the most favorable) climate. The basic transmission I
loss is approximately independent of the lobing options for the most favorable climate

(equatorial) at the shortest path and for the most unfavorable climate (desert) at the shortest 5
(d = 100 nmi) and longest (d = 225 nmi) paths.

The basic transmission loss for a smooth Earth (Ah = 0) is plotted in figures 3-1 through 3-8 N
as a function of distance for each of the various climates. In each figure, there are seven

curves of basic transmission loss: free-space loss; 10%, expected value, and 90% confidence I
levels for "lobing determrcs median;" and 10%, expected value, and 90% confidence levels
for "lobing contributes to variability." The basic transmission loss at each of the confidence 3
levels for both of the lobing options is appreciably different from the free-space loss even at
distances less than one-half the distance to the radio horizon. For example, at d = 100 nmi 5
with "lobing contributes to variability," the 10% quantile, expected value, and 90% quantile
are greater than the free-space values nominally by -3, 2, and 8 dB, respectively. At d = m
200 nmi with "lobing contributes to variability," the respective quantiles are greater than the
free-space values nominally by 0, 8, and 18 dB. The expected values of 2 dB and 8 dB

excess propagation loss at d = 100 nmi and 200 nmi, respectively, result primarily from I
absorption by oxygen in the atmosphere. For lobing determines median, the ten lobes nearest
the radio horizon have transmission loss minima (-2 to -8 dB) and maxima (14 to 40 dB) I
whose depths and peaks increase with increasing distance (because the modulus of the
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Fresnel reflection coefficient approaches unity with increasing distance). The locations of

the minima and maxima vary with the type of climate. The discontinuity in slope of the
"lobing contributes to variability" curves in figures 3-1 th'ough 3-8 is caused by Johnson-

Gierhart modeling of a breakpoint within the multipath interference mode of propagation
(including atmospheric absorption and refraction). The reason for the breakpoint is not clear.

It appears that the breakpoint results from an adjustment factor to the Longley-Rice long-

term variability distribution so that air-to-air and air-to-ground paths have a long-term

variability that agrees with the empirical data base. In figure 3-1 the breakpoint is at d = 125

nrmi.

The excess propagation loss for various climates is compared in figures 3-9 through 3-12 for

paths and smooth spherical Earth at distances d = 100, 150, 200, and 225 nmii. At d =

100 nmi, the excess propagation loss is approximately independent of the climate. At d

225 nmi, the excess propagation loss has nominal expected values of 39 dB for desert climate

and less than 8 dB for equatorial climate; 90 percent confidence levels of 50 dB for desert

climate and less than 16 dB for equatorial climate.

The climate runs for the same cases as in tables 3-1 and 3-2; but for a slightly rough Earth

(terrain (Ah = 50 ft) instead of a smooth Earth, summaries are found in tables 3-3 and 3-4.

The trends are similar to those of tables 3-1 and 3-2 except that the transmission losses are

1 to 8 dB larger. At d = 225 nmi and lobing "determines the median level," the expected
value, 90 percent quantile, and standard deviation of the transmission loss are approximately

36, 41, and 3 dB, respectively; more for desert climil te than for equatorial climate. These loss

differences between climates are not appreciably larger than those for Ah = 0.

For paths over slightly rough Earth (Ah = 50 ft) and "lobing determines median," the basic

ransmission loss and excess propagation loss for various climates are compared in figures

3-13 through 3-16. The expected values and 90 percent confidence levels of excess

propagation loss do not vary appreciably with climate for distances as large as 200 nmi.
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For "lobing contributes to variability" and Ah = 50 ft, the basic transmission loss and excess
propagation loss are compared for various climates in figures 3-17 through 3-20. The most
remarkable feature of figures 3-17 and 3-18 is the absence of a pronounced lobing pttern for

Ah = 50 ft, unlike the distinct lobing patterns of figures 3-1 through 3-8 for Ah = 0.

The lobing pattern is less pronounced for rough surfaces because the surface reflection I
coefficient Ps approaches zero as Ah becomes increasingly large. The surface reflection

coefficient Ps is given by (reference 40)

exp(-g/2), normally-distributed surface height random variable
Ps = (3.1)

exp(gl/2P-), Longley-Rice and Johnson-G erhart semi-empirical formula

where

g1/2 = surface roughness Rayleigh parameter= (2n / X) (2 sin iV)o I-

V = grazing angle of specular ray

i H= standard deviation of the surface height random variable H

with respect to the mean surface level

The surface height swndard deviation yl, is related to the interdecile terrain roughness Ah in 3
the Longley-Rice and Johnson-Gierhart programs by [24] I

"0.39Ah, Ah• l2ft
oH- (3.2) I

G.78Ah exp[-0.5(Ah)1/4], Ah > 12 ft

II
I
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The lobing pattern predicted by the Johnson-Gierhart program for slightly rough surfaces is
probably less pronounced than actual patterns because the semi-empirical formula for the

surface reflection coefficient Ps (see equation 3-1) does not have zero slope at g1/2 = 0 [40].

Propagation paths over slightly rolling plains or rough Earth (Ah < 15 ft) have lobing

patterns that are much less distinct than for the same paths over water or over very smooth

plains but perhaps more distinct than that predicted by the Johnson-Gierhart program.

3.2 OBSTRUCTED PATH RUNS

Single knife-edge diffraction becomes an increasingly dominant mode of propagation with

increasing obstruction of the propagation path. In the Johnson-Gierhart program, the height

and location of the limiting knife-edge is determined by the terrain roughness and any site-

specified obstacle. The site-specifiee, obstacle might be vegetation, a building, or a terrain
ridge. Quantitative results of the effect of path obstructions on basic transmission loss are

presented in this subsection. The computer printouts of basic transmission loss for all of the
obstructed path runs are presented in appendix E of vojlume 2. All of the obstructed path runs

were performed for poor ground, circular polarization, isotropic antennas, and a desert

climate.

The obstructed path runs are for a ground antenna at a height hI = 20 ft with the exception of

two runs for which hl = 3 ft. The runs, At frequencies of 2, 5, 10, and 15 GHz, are for aircraft

antenna altitudes h2 = 22,000 ft, 33,000 ft, and 66,000 ft.

The expected values and 90 percent confidence levels of basic transmission loss for the
obstructed path runs with the surface reflection lobing option "determines median level" are

summarized in tables 3-5 and 3-6, respectively. In case d (the case with the smallest grazing

angle of incidence), the expected value and 90 percent confidence level of excess propagation

loss exceed those for Ah = 0 by more than 10 dB and 15 dB, respectively; for Ah = 50 ft and

by more than 20 dB and 30 dB, respectively; for Ah = 50 ft with a 50-ft obstacle. In cases a.

b, c, e, and f (corn sponding to larger grazing angles of incidence), the t;xcess propagation

loss is not increased w-gnificantly by diffraction in the obstructed path. Similar results are

obtained with the louing option "contributes to variability" (see tables 3-7 and 3-8).
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The basic transmission loss for h2 = 22,000 ft and hI = 20 ft and various obstructed paths is

plotted as a function of the distance d at a trequency of 5 GHz in figures 3-21 through 3-24;

at 10 GHz in figures 3-25 thiough 3-28; and at 15 GHz in figures 3-29 through 3-32. The

most distinctive feature of these figures is the reduction of the lobing pattern with increasing

obstruction of the p igation path. For example, in figure 3-21 for A h = 0 ft, the lobing

pattern is pronuncet: in figure 3-22 for Ah = 50 ft, only the lobe adjacent to tie horizon is

still evident; and in figure 3 -24 for &h = 50 ft with a 50-fl obstruction, no lobes are evident. I
Similar trends are obtained for the following:

1. 2 GHz, h2 = 33,O00 ft, hl = 20 ft (see figures 3-33 through 3-36) I

2. 2 '3Hz, h2 = 33,000 ft, hi = 3 ft (see figures 3-37 and 3-38)
3. 5 GHz, h2 -33,000 ft, h 1 20 ft (see figures 3-39 through 3-42)
4. 10 GHz, h2 = 33,000 ft, hl 20 ft (see figures 3-43 through 3-48)

5. 15 Gliz. h', 33,000 ft. h, = 20 ft (see figures 3-49 through 3-52) U
6. 10 CHZ, h2 = 66,000 ft, hi 20 ft (see figures 3-53 through 3-56) I

A rnearbv site-specified obstacle (50- ft tall at a distance of 0.6 nmi from the ground antenna)

with slightly rough terrain (interdecile height Ah = 50 ft) increases the excess propagation I

loss more than does slightly -ough terrain alone. The site-specified obstacle reduces the

Jistar.ce to th• radio horizun by approximately 30 nrmi, whereas the slightly rough terrain has

no such effect (compare figures 3-28 with 72-26, 3-32 with 3-30, 3-42 with 3-40, 3-46 with

3-44, and 3-52 with 3-50). A further in(-.ease in the terrain roughness (to Ah = 150 ft and P

250 ft) also did not appreciably reduce the distance to the radio horizon (conmpare figuies t

•4-z4, 3-47, and 3-48).

I

I

I
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i SECTION 4

APPLICABILITY TO PROBABILITY OF DETECTIONI
Since the basic transmission loss expressed as a numeric lb(d) is log-normally distributed or

two-piecewise log-normally distributed for the scenarios of interest (see figure 2-3), care
should be exercised in how one uses the quantiles of basic transmission loss in determining

I the probability of detection. The probability of detection for a system whose numeric system

margin m is log-normally distributed can be significantly less than that for a system whose3 numeric system margin m is composed of deterministic signal power and exponentially-
distributed noise power. The selected model for the probability of detection of single-

detection events is similar to that reported by Hagn [311.

The components of the model are discussed in the following sequence: system margin

parameters, channel adequacy, required system margin, signal-to-noise ratio for a system
margin of zero decibels, and mean signal-to-noisc ratio required to required to achieve

3 channel adequacy.

3 4.1 SYSTEM MARGIN PARAMETERS

3 The system margin M(d,r,) in decibels is defined as

I M(d,r,) = S(d)- N - R(r) (4.1)

where

S(d) = available signal power referred to the output terminals of the equivalent loss-
free receiving antenna at a great circle distance d from the transmitting antenna

(dBm)

I N = ' ystem available noise power referred to the output terminals of the equivalent
loss-free receiving antenna (dBfm)

4-1
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I
I

R(r) = [((S(d)) - (N)) I(M) = 0] = predetection mean signal-to-noise ratio required

for a long-term mean system margin (M(d,r)) = 0 decibels (numeric system I
margin (m) =1) with information of quality ri (dB). Mean signal-to-noise ratio

in decibels is defined as (S(d)) - (N). Long-term system margin is defined in I
subsection 4.2.

The information quality ri might be the bit error probability in a digital communications

system oi the false alarm probability in a radar system.

If the system available noise power is primarily from an interferer at a great-circle distance

d2 from the receiving antenna and N is explicitly given as N(d 2), then the system margin M

is given by

Mtdi,d2,ri) = S(di)- N(d2)- R(ri) (4.2) 3

where d, is the great-circle distance of the signal soure. The quantiles of basic transmission -

loss obtained from ihe Johnson-Gicrhart program may be used to determine both S(d 1 ) and

N(d2 ) if the propagation paths from the signal source and interferer are applicable to the

Johnison-Gierhart program. In order to simplify the notation, the following discussion will

use the notation of equation 4.1, although the discussion is equally applicable to equation 4.2.

The available signal noise S(d) and the system zvailable noise power N may be expressed as I

, I -
S(d) = X + Lb(d) (4.3)

J=!

I-
4-2 I -
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1, (4.4)
k-,I

whe-e X and Y are statistically-independent stochastic (or deterministic) parameters

(expressed in decibels) that contribute to the signal S(d) and noise N, respectively. In the

above expressions, X and Y arc assumed to be independent of the great-circle distance d.

The parameters Xi and '' are given in reference 29 for a ;adio system. The corresponding

numeric parameters xi and Yk are given in reference 30 for a radar system.

Since the expected value of a sum of statistically-independent random variables is equal to

the sum of each random variable's expected vzlue, the expected value in decibels of the

system margin M(d,0r) is given by

(M(d,r,)) = (X, - X(_, ) + (Lb(d)) - R(r,) (4.5)
j.I K-i

where R(Ti) is treated as a deterministic quantity. II
Since the variance of a sum of statistically-independent random variables is equal to the sum

of the respective variances, the standard deviation (square root of variance) in decibels of the

system margin M(d,r) is given by

YM IXG2 + C2 + CYL21. (4.6)

The model, which c,,. selects to estimate each margin stochastic parameter in equations 4.1

through 4.4, has an uncertainty a,.sociated witl! it. The model uncertainty occurs because the

empirical data base has a situation variability (resulting from uncertainties in the experi-

mental set-up at each time and location) that is in addition to time and location variabilities.

4-3
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The model uncertainties are assumed to be independent random variables whose sum is a 3
zero-mean random variable. In equation 4.6, the model uncertainty associated with each

margin parameter is included in the variances of each margin parameter. The variance of

each margin parameter is the sum of the variances of the location variability, time variability,

and model uncertainty of the margin parameter.

4.2 CHANNEL ADEQUACY

If the system margin M(d,ri) were a deterministic quantity, channel adequacy would be char-

acterized by the successful detection of a single-detection event and would occur when I
M(d,r,) > 0. However, the system margin M(d,r) is a stochastic parameter with short-term

(local) and long-term probability density functions. Short-term refers to time periods less

than or equal to a single-event detection time. Long-term refers to time periods greater than a

single-event detection time. For example, the numeric system margin m(d,ri) might be

composed ot noise power that is exponentially-distributed locally but log-normally

distributed in the long-term. 3
Since the system margin M(d,r,) is a stochastic parameter, channel adequacy is characterized

in terms of the probability of the event [M(d,r,) > 0], denoted prob[M(d,ri) > 0]. The quan-

tity prob[M(dr) > 0] is also referred to as the "channel availability," "channel accessibility,"

or "probability of detection of a single-detection event." The channel availability is equal to

the fraction of successful single detection attempts to the total number of single detection

attempts. A successful detection event is defined as a detection event that provides infor-
mation of quality i or better. The channel of the entire system is defined to be

adequate if 3

I

I
4-4 I
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prob[M(d, ri);> 01] > p (4.7)

where

p, = required channel availability (or required probability of detection of a single-
detection event)

= minimum required fraction of successful single-detection attempts to the total
number of single-detection attempts

The minimum value of prob[M(d, ri) 0] that achieves channel adequacy occurs when the

equality sign of equation 4.7 is satisfied, namely, prob[M(d,r,) a 0] = p,r.

The signal-to-noise ratio expected value (S(d)) - (N)lp, that satisfies the minimum condition

for channel adequacy is found from equation 4.7 to be

((S(d)) - (N))1p, = (M(dj,.))Ip, + R(r)) (4.8)
=o,,,-[((M) I o;m)lp.] + R(r,) _

where (M(djr1 ,)ýJp, is the expected value of the system margin required to achieve the

channel adequacy pr and R(r ) is defined to be a deterministic quantity equal to the signal-to-

noise ratio required to achieve information of quality r, with (M) = 0 decibels. The deter-

mination of these parameters, for numeric system margins that are log-normally distributed,
are discussed in subsections 4.3 through 4.5. It should be noted that if a numeric system

margin m is log-normally distrbuted, then the signal-to-noise voltage envelope m1 /2 is also
log-normally distributed.

4-5
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4.3 REQUIRED SYSTEM MARGIN

For a normally-distributed system margin M(d,ri) in decibels, expected value (M) in

decibels, and standard deviation aM in decibels, the probability of a non-negative system

margin is given by equations (A.5) and (A.6) of appendix A as

prob[M(d,r,)>0] = Fz((M)/aM), M normally-distributed (4.9)

where

Fz((M)/oM) = cumulative distribution function, evaluated at the quantile (M)/oa, of

the normally-distributed random variable Z = (M - (M))/!M with zero

mean and unit variance.

It should be noted that equation 4.9 is a correction to the expression for prob[M(d,r,) ?0]

given by Hagn [31]. The probability of a non-negative system margin (channel availability, I
probability of detection of a single detection event) given by equation 4.9 is plotted in

figure 4-1 or. normal probability paper as a function of the quantile (M)/om. For example,

prob [M(d, r 0) O] equals 10, 50, and 90 percent for (M)/oM equal to -1.25, 0, aad 1.25,

respectively. 3
Consider now a two-piecewise normally-distributed system margin M(d, ri) in decibels with

a breakpoint at the value M0 and whose probability density function fM(M) is composed of

the probability density functions (1/A)fM, (M) for -- < M < M0 and (I/A)fM, (M) for

Mo < M < - where fM, (0) 2 fm, (0) and A is a normalizing constant so that the cumulative

distribution functions of M evaluated at M = 0 is equal to unity [FM(oo) = 1]. The probability 3

I
I
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density functions fM, (M) and fm, (M), defined over the infinite domain, have expected values 5
(M,) ýnd (M 2), respectively, and standard deviations CM, and aM 2 , respectively. Th

probability of a non-negative system margin is given by equations B.7 and B.8 of appendix B 5
for a two-piecewise normaUy-distributed random variable as

(M~ ~ ,M 0  0 F! [M (4.10)
p ro b [M I2 0 ] = 1 + F , [(M o -- 5M2)) / G M -

AtL NJl " 2 Z~ ~t M

Mo<O "

where

M = two-piecewise normally-distributed system margin with a breakpoint at the
value Mo (dB) 5

A =F.Z '(M. - (M, ))/CYM. ]i + Z [-(MO - (M2))/(YM

F7, (z,) = cumulative distribution function, evaluated at the quantile z1, of the

normally-distributed random variable Z, = (M1 - (M))/aM, with zero-mean

and unit variance. -

Fz, (z2 ) = cumulative distribution function, evaluated at the quantile z2, of the

normally-distributed random variable Z2 = (M 2 - (M))/(M, with zero-mean

and unit variance. 3
The quantities Fz, (z1) for i = 1, 2 are readily evaluated from figure 4-1 if one substitutes

Fz, (zi) for the abscissa and zi for tht: ordinate. U
I
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For a normally-distributed system margin M(d,ri) in decibels, the expected value

(M(d,ri))Ip, that satisfies the minimum condition for channel adequacy in equation 4.7 is

given by

(M(d,r,))Ip, = oM FZ'[((M)/oM)IP,)], M normally-distributed (4.11)

where

Fz[((M)/oM)1p, =prob[M(d,r,)>__0]=p,

and 0 = system margin standard deviation given by equation 4.6.

It should be noted that GM in equation 4.5 is independent of the required channel adequacy

pr. The quantity ((M) / OM)Ip, is the quantile (M)/GM in figure 4-1 that corresponds to

prob[M(d, r,) 0] = p,r

For a two-piecewise normally-distributed system margin M(d,r,), the quqntile ((M)// a)p,

may be determined by relating (M) and GM to (MI), (M2), GM, and CM2 . These rela-

tionships can be determined from the given system margin probability density function

analogous to equation B. I of appendix B but will not be demonstrated here.

4.4 SIGNAL.TO-NOISE RATIO FOR A SYSTEM MARGIN OF ZERO DECIBELS

The mean signal-to-noise ratio R(r) required to achieve information of quality r, with

(M) = 0 (see equation 4.8) is a function of the signal and noise power probability density

functions, the signal waveform, the type of detector, and the detection process. A concise

history of the development of the statistical theory of detection with emphasis on radar

detection is given by Blake [33].
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Long-term numerical values of R(r,) may be assigned to several cases in which the numeric

system margin m(d,ri) is composed of numeric available noise power n that is exponentially-

distributed (both locally and long-term) and numeric available signal power s(d) that is
locally constant [34, 351. For a non-fading constant signal powc, So, numeric available noiý,e

power n that is exponentially-distributed with mean <n>, and a numeric zero system margin
ro, the probability density function of the numeric system random variable m is given by

(m-2 m. exp(-mo / m), m Ž01

fm(m) = (4.12) 1
0 , in <0

where mo = so/(<n>ro). 3
The density function fm(m) is inverted-gamma-I distributed with a mean <m> and standarn-

deviation am that are infinite [36]. The signal plus noise amplitude modulus (envelope) is

Rician-distributed. Noise power that is exponentially-distributed has a noise amplitude with I
real and imaginary quadrature components that are normally distributed, a modulus

(envelope) that is Rayleigh-distributed and an angle (phase) that is uniformly distributed.

The signal power is defined to be locally constant if its variance, over a time interval less
than a single-event detection time, is small compared to its mean power level over that
interval. In references 34 and 35, the long-term signal is either constant (non-fading) or
Rayleigh distributed (non-selective slow fading that is slow compared to a single-event
detection time but fast compared to seasonal or hourly variations).

For these cases, a single look-up table or curve is sufficient to specify R(r,). For example, 3
with ri = probability of bit error in a communication system, the signal-to-noise ratio R(ri) is

constructed from reference 34 and is plotted in figure 4-2 for several different signal wave- 3
forms and detection processes and for both non-fading and fading signals. Figure 4-2 is

constructed from reference 34 by arbitrarily assigning a system margin (M) = 0 decibels

(numeric margin <m> = 1) to the values given in reference 34 and by treating R(rj) as a

I
4-10 I
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Figure 4-2. Zero-Margin Mean Signal-to-Noise Ratio Required for a Bit Error Probability r.
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b, Raleigh Fading Signal
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deterministic quantity. For a bit error probability r, = 0.1 and noncoherent FSK, R(r) = 5dB
and 9 dB for non-fading and fading signals, respectively. As a second example, consider
r = probability of false alarm in a radar system with fading and non-fading signals. The

required signal-to-noise ratio R(ri) may be constructed from Marcum [35] for a non-

fluctuating target (signal) and by Swerling [37, 38] for a Swerling 1 non-fluctuating target

(signal). The results are plotted in figure 4-3 which is reconstructed from figures 2.3 and 2.6
of reference 33 by arbitrarily assigning a system margin (M) = 0 decibels to those values of

signal-to-noise ratio that yield a probability of detection = 0.5. For a false alarm probability
ri= 10-6 , R(ri) - 11 dB and 13 dB for non-fading and fading signals, respectively.

Numerical values of R(ri) have also been tabulated for a few cases in which the numeric
system margin m(d, ri) is log-normally distributed (locally and long term) for noise and
signals that are both log-normally distributed [39]. For such cases, multiple lookup tables are
required to specify R(ri).

Consider now a numeric system margin m(d, rj) that is log-normally distributed in the long- I
term and that locally, the numeric available signal power s(d) is constant and the numeric
available noise power n is exponentially-distributed. Therefore, the long-term signal and/or
noise power may be log-normally distributed. Let us assume that the detected information of
quality ri is a function of only the short-term (local) signal-to-noise ratio during a single-
event detection time. The mean signal-to-noise ratio R(ri).required to detect information of
quality ri at zero dB system margin is then independent of the long-term system margin 3
distribution. Figures 4-2 and 4-3 are therefore applicable to a numeric system margin that is
log-normally distributed in the long-term but whose numeric available signal power s(d) is

locally constant and whose numeric available noise power n is locally exponentially- I
distributed.
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4.5 MEAN SIGNAL-TO-NOISE RATIO REQUIRED TO ACHIEVE CHANNEL 3
ADEQUACY

Channel adequacy is achieved when the probability of a non-negative system margin is 1
greater than or equal to a required single-event detection probability Pr (see equation 4.7).

The mean signal-to-noise ratio ((S(d)) - (N)Ap, in decibels required to achieve a single-event

detection probability Pr is given by equation 4.8. In equation 4.8, the system margin standard

deviation oM is given by equation 4.6 and the quantile ((M) / M;)jp, is given by figure 5 for

a normally-distributed system margin M in decibels. Examples of the signal-to-noise ratio

R(ri ) required to detect information of quality ri at a system margin (M) = 0 decibels are

given in figures 4-2 and 4-3.

As an illustration of the mean signal-to-noise ratio required to achieve channel adequacy,

consider a radar system with a single-pulse linear detector, locally non-fluctuating target,

locally constant numeric available signal power s(d), and locally exponentially-distributed

numeric available noise power n. To achieve channel adequacy the radar is required to have
a single-event detection probability greater than or equal to pr with a false alarm probability

less than or equal to ri. The mean signal-to-noise ratio ((S(d)) - (N))ý, required to achieve

channel adequacy for r, = 10-6 and Pr = 0.1, 0.5, 0.9 is summarized in table 4-1.

Using the subscript I to denote a numeric system margin m whose long-term distribution is

characterized by a constant numeric available signal power s(d) and an exponentially-

distributed numeric available noise power n, then ((S(d)) - (N)),1p, = 8.8, 11.2, and 13.2 dB 3
for Pr = 0.1, 0.5, 0.9, respectively (see figure 2.3 of reference 33 where the signal plus noise

envelope is assumed to have a Rician distribution). The zero-margin required signal-to-noise 1
ratio R(10-6) = 11.2 dB corresponding to Pr = 0.5 [see figure 4-3, curve (a)]. Using the

subscript 2 to denote a numeric system margin m mat is long-term log-normally distributed,

the quantile ((M) / oM) 21P, =-1.3, 0, 1.3 for pr = 0.1, 0.5, 0.9, respectively (see figure 4-1).

I
I
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The required signal-to-noisc ratio ((M) / c.) 2Ip, relative to ((M) / 1.,),Ip, is given by

[<1; 05p,<0.5,m o 1l.9dB 3
((S(d))-(N))1 1p. ;P, p= 0.5 5 (4.13)((Sd)) ())'P' >1; 0.5< p, < 1am, oM .SdB!

In equation 4.13, the conditions on oM were obtahned from equation 4.8 by setting 3
[((S(d)) - (N)) 2,Ip = 0.1] = 8.8 dB, [((S(d)) - (N)) 2ip, = 0.9] = 13.2 dB, [((M) / o.)1]p, 0.1]

=-1.3, and [((M) / OM)21P,.0.9 1 = 1.3.

The required signal-to-noise ratio [((S(d)) -(N)) 2IP, 0.9] exceeds [((S(a))-(N)),1 p,- 0.9]

by 1.9, 3.2, 4.5, 6.8, and 7.1 dB for oyM = 3, 4, 5, 6, 7 dB, respectively. These values of oM

are typical for the scenarios of interest. In table 2-1, the standard deviation CYL. of basic

transmission loss Lb(d) varies from 0.1 dB to 8.0 dcB. The system margin standard deviation

CM for those scenarios will exceed oL, by the amount given by equation 4.6.

Equation 4.13 demonstrates that the required signal-to-noise ratio (S(d)) - (N)p, for I
pr = 0.5 is independent of oM and independent of the distribution of the system margin M.

For 0 5 Pr < 0.5 and sufficiently large values of eM, the required signal-to-noise ratio

((S(d))-(N))% , is less than ((S(d))-(N)) 1p,. For 0.5 < pr < I and sufficiently large values

of cM, the required signal-to-noise ratio ((S(d)) - (N)) 2 IPI is greater than ((S(d)) - (N)),1 p,.

I
I
I
I
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SECTION 5

CONCLUSIONS

The Johnson-Gierhart tropospheric propagation program of the Institute for Telecommuni-
cations Sciences is a ust-iul analytical tool for predicting tropospheric excess propagation loss

(relativc to free-space loss) for cases including SHF air-to-ground paths within or on the

radio horizon. The principal loss (gain) mechanisms for these paths are atmospheric

absorption, atmospheric refraction, surface multipath interference, smooth spherical Earth

diffraction, and single knife-edge diffraction from irregular terrain and/or a site-spccified

obstacle. The program uses a semi-empirical database to statistically weigh the losses from
these mechanisms. The excess propagation loss (expressed in dB) increases with increasing

range.

This paper reports numerical results of excess propagation loss at frequencies of 2 to 15 GHz

for an airborne antenna at altitudes of 22,000 ft to 66,000 ft, a ground-based antenna at

altitudes of 10 It and 20 It, and paths over smooth and irregular terrain extending to the

smooth Earth radio horizon. The excess propagation loss is either log-normally distributed or
two-piecewise log-normally distributed.

Atmospheric attenuation by oxygen, water vapor, and precipitation causes -n excess

propagation loss that increases linearly :n decibels with increasing range and can exceed an
expecteJ value of 3 dB at 10 GHz from water vapor alone for rangeýs as close as halfway to

the radio horizon.

Atmospheric surface refractivity (which is largest in an equatorial climate and the least in a
desert Cimate) causes an excess propagation ioss in a desert climate that can be 30 dB more

than that in an equatorial climate for ra-ges at or within the equatorial climate's smooth Earth

radio horizon.

5-1



I
I

Surface multipath interference causes an excess propagation loss lobing pattern with peak 3
losses that increase with increasing range. The peak losses exceed 30 dB for paths over

smooth spherical Earth but are less than 2 dB for paths over slightly rough Earth (interdecile

terrain roughness A h = 50 ft).

Smooth spherical Earth diffraction reduces the depth of the multipath lobing pattern null on

the radio horizon from an excess propagation loss of - dB to approximately 10 dB to 20 dB

142].

Single knife-edge diffraction by a site-specified obstacle (50-ft tall at a distance of 0.6 nmi
from the ground-based antenna) reduces the distance to the radio horizon by approximately

10 to 15 percent (30 nmi), whereas slightly rough terrain (interdecile terrain roughness

A h ý- 50 ft) has no such effect.

The magnitude and distribution of the resultant excess propagation loss from these mech- U
anisms, at ranges as close as half-way to the radio horizon, yield probabiiiies of detection

and mean signal-to-noise ratios that can be appreciably less that those obtair:ed by assuming"

frec-space propagation.

Since the excess propagation loss expressed in decibels is log-nornally distribuzed or two-

piecewise log-nonnall, -listributed for air-to-ground paths, within or on the radio horizon,

care should be exercised in how one uses the quantiles of excess propagation los-, in

determining the required mean signal-to-noise ratio reqiiirtd to achieve a given probabiity of

detection. The mean signal-to-noise ratio required to achieve probabilities of dete,ýtion 3
greater than 50 percen: 'or a system whose numeric system margin m is log-nurmally

distributed c'n he cigniticantly greater than that for a system whose numeric system nialgin

m is composed of deterministic signal power and exponentiahy-disuibuted noise power.

5
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